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ON THE NATURE OF THE BARYON ASYMMETRY 


F. W. STECKER 

NASA Goddard Space Flight Center 
Greenbelt, MD 20771, U.S.A. 

I examine here the question as to whether the baryon asymmetry In the 
universe Is a locally varying or universally fixed number. In particular, 

I focus on the question as to the existence of a possible matter- 
antimatter domain structure for the universe deriving from a GUT with 
spontaneous CP symmetry breaking. I review thoeretlcal considerations and 
astrophysical data and tests relating to this fundamental question. 

1. INTRODUCTION 

One of the most fundamental questions In cosmology is that of the role of 
antimatter in the universe. This question, which is connected with that of 
the nature of CP symmetry breaking In the modern GUT gauge theory paradigm, 
should also be one of fundamental Importance to physics. Yet, it has been 
dismissed rather superficially In much of the recent literature. In order to 
address this problem properly, one cannot gloss over the subtleties and look 
for a quick answer. It is necessary to set up a proper theoretical framework 
for discussion and to look for empirical tests. 

2. GRAND UNIFIED THEORIES AND THE ORIGIN OF THE BARYON ASYMMETRY 

The preponderance of baryons over antlbaryons in the cosmic radiation 
provides convincing evidence that the baryons that make up the stars In our 
galaxy are matter and not antimatter. This asymmetry can be extended to 
clusters of galaxies fairly convincingly by considering the observed level of 
Y-ray background radiation and comparing It to theoretical calculations of 
annihilation radiation If galaxies and antigalaxies were mixed In vlriallzed 
clusters. However, It is Important to note that the observational constraints 
on cosmological antimatter do not extend beyond the scale of galaxy 
clusters 1 . Given the fact that there are -1O 0 galaxy clusters In the visible 
universe, it follows that the observations leave open the possibility that the 
universe may be baryon symmetric. This possibility has various observational 
implications which will be discussed. Thus, the fundamental question as to 
whether antimatter plays an equal role with matter in the makeup of the 
galaxies remains unanswered, despite claims to the contrary. The choice 


between the two alternatives, viz. , u totally baryon asymmetric universe (TAU) 
and a locally asymmetric universe (LAU) with overall baryon symmetry, remains 
one of Importance to both particle physics and cosmology. 

We base our discussion on a hot big-bang cosmology and the generation of a 

baryon asymmetry through Interactions predicted by grand unified theories 

(GUTs ) which do not conserve baryon number. Sakharov 2 showed that there are 

three basic conditions which must be fulfilled In order to generate a baryon 

■ 

asymmetry In the early universe, viz ., baryon number violation, thermal 
disequilibrium, and CP violation. The expansion of the universe itself 
fulfills the thermal disequilibrium condition. The GUT Interactions provide 
the baryon number violation in both the TAU and LAU scenarios. In fact, the 
critical difference between the TAU and LAU scenarios hinges on the third 
Sakharov condition, the nature of the CP violation. If the CP violation 
Incorporated into the GUT Lagrangian is hard, the resulting cosmology will be 
of the TAU type; spontaneous soft CP violation can result fri the formation of 
CP domains which can lead to the production of local baryon excesses and 
antibaryon excesses In separate regions (LAU) within the context of the 
standard GUT paradigm 3 . To see this more explicitly, let us consider the 
Weinberg 1 * scenario for baryon production through the decay of superheavy gauge 
and Higgs bosons (X). (Numerous other authors have worked on calculations of 
the baryon asymmetry, some of the most extensive being given by Harvey, jet_ 
al . 5 along with references to earlier work.) With this simple decay Into two 
channels, X + q* (quark, lepton) and X + qq with branching ratios r and 1-r 
respectl vely , and the corresponding antiparticle decays, X * q£ and X ♦ qq 
having branching ratios r and l-r, the baryon number generated in the decays i 

AB = 1/2 [l/3r - 2/3 (l-r) - l/3r + 2/3 (l-r)] * 1/2 (r-r). (1) 

If CP is conserved, r-r and no baryon excess Is generated. It is also 
particularly Important In the context of this paper to note that the sign of 
the CP violation determines the sign of r-r and thus the sign of the baryon 
excess. Thus, whether matter or antimatter Is created In a given region ,of 
the universe In the early big bang depends on the sign of the CP violation 
parameter. In the scenarios usually considered, CP violation of one sign only 
is put into the model explicitly either In the Lagrangian via complex Yukawa 
couplings between the fermions and scalar fields, or In complex self-couplings 
of the scalar fields. However, It Is also possible for the Cp violation to 
arise from the mechanism of spontaneous symmetry breaking. Such a mechanism 


has been proposed to explain the smallness of the CP violation Implied by the 
small electric dipole moment of the neutron. 6 Furthermore, If CP Is broken 
spontaneously, the amount of CP violation Is finite and calculable, whereas 
the presently popular baryon production scenarios invoke a "hard" CP viola- 
tion, leading to Infinite renormalizations of the CP parameters, which thus 
become Incalculable undetermined free parameters. With spontaneous CP viola- 
tion, the Lagrangian is CP Invariant (the couplings' are real), but the scalar 
fields themselves take on complex vacuum expectation values, which produce the 
CP violation. 

This type of CP violation Is, In principle, calculable. We start out with 
a completely CP symmetric theory, with the symmetry of the Lagrangian 
reflected in the state of the universe at the highest temperature. This being 
the case, owing to the finite age of the unlvere, ty» regions separated by 
distances greater than -ct^ are not, and never were during the course of the 
expansion, In causal contact. Thus if spontaneous symmetry breaking of CP 
occurred at a time t^p, it would have occurred Independently and with random 
signs In regions separated by distances larger than ^ct^p. We will call these 
"seed domains" and consider both how they arise and scenarios for their 
subsequent growth and evolution. This domain structure is not unlike the 
domain structure generated when a piece of ferromagnetic material cools with- 
out the presence of an external magnetic field. In that case, each of the 
domains contains atoms having their magnetic moments aligned in a given 
direction. On the average, there will be no preferred direction on a global 
scale. Analogously, one may expect that spontaneous symmetry breaking 
processes In the early big bang will most likely break baryon symmetry in 
localized regions of the universe but will preserve the overall global matter- 
antimatter symmetry of the Initial state. Thus, present Ideas of unified 
gauge theories with spontaneous CP symmetry breaking can lead naturally to a 
LAU, 3 Senjanovlt and Stecker have considered mechanisms of spontaneous soft 
CP violation within the context of the specific grand unified theories 
Involving the SU(5) and S0(10) gauge groups. 7 ' They discuss two distinct 
classes of models, viz ., those with only one source of CP violation 
Independent of temperature for SU(5) and those in which the CP violation at 
the superheavy mass scale for S0(10) has nothing to do with the observed CP 
violation at "low temperatures" In the K°-R° system. They conclude that, 
Independent of the particular model, the domain picture of the universe 
emerges naturally in theories of soft CP violation. 

In the minimal SU(5) model with only one Higgs multiplet, CP violation has 
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to be put In the Lagranglan "by hand" in the form of complex Yukawa couplings, 
since the vacuum expectation value of the Higgs field can always be redefined 
to be real by means of a gauge transformation. Choosing such a hard CP 
violation yields a baryon-photon ratio unacceptably small compared to that 
determined by astrophysical observation. 8 It Is therefore necessary to in- 
crease tiie number of five-dimensional Higgs multiplets. Increasing this 
number to three, viz., ^ 4 > 2 and x, results in a realistic grand unified 
theory based on SU(5) that allows for soft CP violation at high temperatures. 

Two of the Higgs fields ^ and $ 2 acquire vacuum expectation values with a 
relative phase 0 that cannot be transformed away, since they carry the same U(I) 
quantum number, At T >> Gp"^ a O(M^) the symmetry will still be broken, with 
<X> - 0, but with <<j>j> and <<j> 2 > nonvanishing. This is because of the 
logarithmic temperature dependence of the coupling constants obtained from 
renormalization group theory. Thus, spontaneous soft CP breaking can occur at 
the grand unification temperatures where baryons are produced. 

The Higgs potential as a function of 0 can. In general, be written as 

V(0 ) = A + B cos 6 + C cos 20, (2) 

where A, B, and C are independent of 9. Obviously, for an appropriate range 
of parameters, the minimum of the Higgs potential lies at 0 Q * 0, with cos e 0 
= - B/4C, so that we always have two solutions, 0 Q and -0 Q . 

The value of r - T is proportional to sin 0 . Now, since 0 » ± 0 O (the 
solution of the minimization of 'the potential), one obtains, 

n B /n y “ ± sU 9 o* ( 3 ) 

The renormalization group analysis suggests that the symmetry was unbroken 
at even higher temperatures T > m x a 10 15 GeV. As the temperature decreased 
below the mass scale of the superheavy gauge bosons, we expect that separate 
domains were generated with 0 O and - 0 O phases. From Eq. (3), this results In 
separate regions of matter and antimatter excesses in the universe. 

A particularly promising mechanism for producing domains on an astronomi- 
cally relevant scale has been suggested by Sato 9 , This mechanism depends on * 

the fact that the expansion of the universe can be drastically altered from 
the standard radiation-dominated relationship if the energy density of the 
Higgs fields is larger than that of the thermal radiation, producing inflation 
of the CP domain sizes. This results in an exponential stretching of the 


domains of CP coherence from their Initial size, provided that a first order 
(discontinuous) phase transition is Involved. In the Sato scenario, the 
universe then supercools significantly below the critical temperature 
whereupon a rapid universal phase transition releases the energy density of 
the vacuum fields. The universe then reheats to temperatures where X- 
partlcles are produced, which subsequently decay to give baryon and antlbaryon 
regions on a macroscopic scale. The regions of baryon and antlbaryon excess 
may evolve further, possibly leading to the formation of matter and antimatter 
galaxies in separate regions of the universe. 10 

The symmetry breaking mechanisms which we have been discussing can lead to 
the formation of various topological structures such as monopoles, strings and 
domain walls. It has been shown that domain v/a 11s, if formed, must disappear 
at an early stage in order to be consistent with the observed homogeneity of 
the universe 11 . Vilenkin 12 has considered the dynamics of walls and strings 
and discussed several mechanisms for wall disappearance such as multiple 
symmetry breaking. He has also found that domain walls do not reflect light 
but do repel nonrelativlstic particles. Such a repulsion might play a role in 
keeping matter and antimatter apart at some stage In the early universe. 

Using an idea reminiscent of the suggestion of Vilenkin, Kuz'min, et al , 1 3 
have demonstrated a method by which domain walls may vanish. Choosing a model 
based on three Higgs multlplets, similar to that discussed previously, they 
show how the CP symmetry may be again restored as the universe cools, 
resulting in the dissipation of the domain walls. 

Mohanty and Stecker have recently suggested another possible scenario 
where the domain walls can disappear naturally. 14 By combining the Idea of a 
srongly interacting SU (5 ) phase with spontaneous CP violation, they show how 
the degeneracy between the two different vacua with respect to CP symmetry can 
be lifted dynamically before the transition from the SU(5) phase to the low 
energy SU{3) x SU ( 2) x U( 1) phase Is completed. The model can be extended to 
S0(10). 

The scenario uses an extension of the model of Ref. 7 with additional 
heavy fermions. They have employed a Coleman-Welnberg type of Higgs potential 
where there is no characteristic mass term and where the perturbative 
potential respects the CP symmetry so that domains will be produced. The 
phase transition proceeds very slowly due to the flatness of the potential, 
and supercooling results. As the universe cools, the coupling constant grows 
stronger and stronger and finally we enter the regime where the non- 
perturbative effects come Into play. 
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In this strong coupling regime, SU(5) Instanton effects give rise to SU (5) 
singlet condensates of the heavy fermions of the form Once such 

condensates are formed, quadratic and cubic terms like 

Gy m(T)^e 3 ^ Tr<{>2 « cos 2(0 +0 ) (4) 

and 

Gy 3 m{T)e 31(J Tr<|> 3 + h.c. « cos 3(e +p ) (5) 

will be Induced. Here b denotes the non-absorbable phase of the SU(5) singlet 
condensate. The phase angle ft Is calculable for the strongly inter- 
acting SU (5 ) phase and Is dependent on the fermion masses as In the QCD case. 
Since b Is non-zero, the CP degengeracy will be lifted In the presence of such 
an induced term In the Lagranglan. The phase B indicates the alllgment of 
vacuum, namely in the direction of the condensates As the universe 

supercools, the direction of the CP symmetry, which Is initially different In 
different domains, Is influenced by the condensates to become effectively 
aligned In their direction. This is very much like the alignment of ferro- 
magnetic domains In the presence of the external magnetic field. The same 
cubic term which dynamically breaks the degeneracy owing to the discrete 
symmetry also removes the vacuum degeneracy owing to the Initial CP symmetry. 
As opposed to the model of Ref. 13, the Mohanty-Stecker model leaves CP broken 
at low energies, broken dynamically by a condensate of heavy fermion pairs. 
Such a scenario solves the domain wall problem by creating an energy differ- 
ence between the two CP degenerate vacua, driving the phase transition tp a 
true vacuum state of'unlque CP. This transition occurs at T << Mqjt* and It 
will also result In monopole suppression. This scenario also allows-a suffi- 
cient baryon asymmetry to be produced In the early universe. However, In this 
case, this asymmetry Is local rather than universal owing to the initial CP 
domain structure which can persist through the supercooling phase. The mech- 
anism suggested by Sato 9 can then act to produce fossil ''domains" of baryon 
and antlbaryon asymmetry of survlvable size at reheating, after the Inflation 
of the CP domains which occurs during the supercooling phase. A specific GUT 
model for moderate inflation of extended topological structures has been given 
by Lazarides and Shaf 1 1 5 . The elimination of the CP domain wall problem 
allows for the possibility of a viable baryon-symmetrlc domain LAU cosmology. 

3. POSSIBLE OBSERVATIONAL INDICATIONS OF A LAU BARYON SYMMETRIC COSMOLOGY 

3.1. The Cosmic y-Ray Background Radiation 

One of the most significant consequences of baryon symmetric LAU cosmology 
lies In the prediction of an observable cosmic background of y-radlatlon from 


the decay of ir°-mesons produced In nucleon-antlnucleon annihilations. This Is 
also a most encouraging aspect of this cosmology, since It satisfactorily 
explains the observed energy spectrum of the cosmic background y-radlatlon as 
no other proposed mechanism does (with the possible exception of hypothetical 
point sources). 

For high redshlfts z, when pair production and Compton scattering become 
Important, It becomes necessary to solve a cosmological photon transport 
equation ’in order to calculate the y-r ay background spectrum 1(E). This 
Integro-dlfferentlal equation takes account of y-ray production, absorption, 
scattering, and redshlfting and Is of the form 


+ | r [-EH{z)jj a Q-(E.z) h * A B^ , z ) 

+ / dE' < SC (E,Z) %{E) E') dE' 

where 

X(E,z) = (1+z)’ 3 I (E,z) 
a(E,z) 2 (1+z)" 3 Q(E,z) 

art ^ It “ " (^ +z ) h( z ) , 

H(z) 3 H Q (l+z)(Hflz 


( 6 ) 



Fig. 1. The Cosmic y-Ray Background 
Spectrum: Theory and Observational Data. 

The second term In eq. (6) expresses 
energy loss from the redshlft 
effect. The third term Is the y-ray 
source term from pp annihilation 
primarily into tt°s. The absorption 
term Is from pi on production and 
Compton interactions with electrons 
at high z and the scattering 
integral puts back Compton scattered 
y-rays at lower energies E<E'. 


Fig. 1 shows the observational data on the y-ray background spectrum. The 
dashed line Is an extrapolation of the X-ray background component. The 
calculated annihilation spectrum 21 Is also shown. The excellent agreement 
between the theory and the data Is apparent. Other attempts to account for 
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the y-ray background radiation spectrum by diffuse processes give spectra 

which are inconsistent with the observations, generally by being too flat at 

the higher energies. 

• 

In Fig. 1 the spectrum is shown as an energy flux;. The "bump" In the 
energy range of 1-10 MeV stands out clearly and can be used as prlma facie 
evidence that a new spectral component dominates In this energy region. The 
energy flux In this range Is a factor of 40 higher than a power law 
extrapolation of the X-ray component, as shown In the figure. 17 

3,2, Antimatter In the Cosmic Radiation 


Measurements of cosmic-ray antiprotons can give us Important Information 
about cosmic-ray propagation and also provide a test for primary cosmological 
antimatter. Data on p fluxes at energies 24 above 20 GeV give measured values 
a factor of 4-10 above the fluxes expected for a standard "leaky box" type 
propagation models 18 . In fact, the p flux integrated over the observed energy 
range 1 s - 7 times the expected flux. But what Is particularly striking is 
that the flux observed In the 150-300 MeV range Is orders of magnitude above 
what Is expected (see Fig* l). The reason that standard secondary p 
production models give a very low flux in the 150-300 MeV energy range Is a 
basic feature of the relativistic kinematics. Antiprotons With less than - 1 
GeV energy must be produced backward In the cms of the collision, and those 
with energy as low as 150-300 MeV must be produced by cosmic-ray protons 
significantly above threshold. Since the cosmic-ray proton energy spectrum 
falls off steeply with energy, the secondary p flux has a natural low-energy 



Fig. 2. Cosmic ray 
anti proton fluxes: Data 
and predictions from the 
standard propagation 
model with energy losses 
are shown 10 . 

cutoff. This leaves two 
explanations for the 
cosmic-ray p's: (1) they 
are extragalactic 
primaries, or (2) they 
are secondary and have 
undergone significant 


deceleration. Solar modulation effects will not produce the deceleration 


required by the secondary hypothesis to account for the 150-300 MeV flux 19 . 



An extragalactlc primary flux from antimatter active galaxies could supply a p 
flux with a ratio p/p * 5 x 10" 4 (Ref. 19), the protons being overwhelmingly 
galactic In origin 20 . Furthermore, the lack of cosmic-ray a's at present 
detection levels can plausibly be accounted for by spallation and photo- 
disintegration In the cores of active galaxies. Estimated spallation and 

photodlslntegr itlon times of T S p - 0,2 - 6 x ltf* yr and Tpd - 3 x 10° yr are 
made for these sources*, Finally, it Is predicted that the 5/a ratio should be 
determined by 5 acceleration In normal antimatter galaxies and that the 
resultant flux should be In the range 19 5xl0“ 6 ,< S/a £ 10" 5 . It Is also 
estimated that extragalactlc cosmic-rays can reach us by diffusion from 
distances of up to 500 Mpc. 

Other possible explanations for the cosmic-ray p flux have recently been 
reviewed 10 . These alternatives appear to have serious problems. Production 
of p J s through n-.i oscillations gives a flux orders of of magnitude below the 
observed flux. Galactic primordial black holes are quite ad hoc. Suggestions 
for secondary generation and deceleration of p's In galactic cosmic-ray 
sources have various energetics problems. 

4. FUTURE TESTS OF A LAU 8ARY0N SYMMETRIC COSMOLOGY 

Let us first consider cosmic ray spectrum and charge measurements. The 
measured spectrum of galactic cosmic radiation can be represented by a power 
law In energy of the form KE~ r with the spectral index r » 2. 75 for several 
decades above the 10 GeV energy level. The source spectrum of this radiation 
Is expected to have a lower spectral Index, r s 0 f - 2.0 to 2.2. This appears 
to be likely for two reasons. (1) Measurements of the ratio of secondary to 
primary nuclei In the cosmic radiation suggest that the mean lifetime In the 
Galaxy due to trapping by the tangled galactic magnetic fields falls with 
energy as E"^ where the value 21 of 5 Is about 0.7. (2) If there exists a 
general acceleration mechanism for generating cosmic rays which acts In both 
galactic and extragalactlc sources to give a universal source spectrum with 
r » 2, as Is now thought to be case with shock acceleration 22 , the extra- 
galactic cosmic ray component should reflect this source spectrum. Thus, with 
the antiprotons assumed to be both primary and extragalactlc and the bulk of 
the protons assumed to be galactic, the p/p ratio should Increase with energy 
as E 5 . Taking 6 = 0.7, antiprotons could make up approximately l% of the 
cosmic ray flux at an energy of * 500 GeV and even - 50% at higher energies. 
This has Important observational implications as pointed out by Stecker and 
Wolfendale 23 . Such an extrapolation Implies that the extragalactlc and 
galactic cosmic ray fluxes may become comparable at an energy of >• 10 s GeV, 


and that extragalactlc particles may predominate above this energy. It Is 
Interesting to note that the resultant flattening In the spectrum occurs at 
this particular energy, as there have been claims 24 of a flattening In the 
cosmic ray spectrum as Inferred from measurements of extensive air showers. 
Measurements of the sign of the charges of cosmic rays at the highest 
practical energy and the determination of the spectra of the various charged 
components of the cosmic radiation up to that energy will provide a test of 
the LAU hypothesis. Such a test requires that the detector be placed above 
the atmosphere so that the Incoming cosmic ray nuclei can be measured 
directly. The sign of the charged particles (and their magnitude) may be 
measured by using a superconducting magnet. Such an expel Iment, with an 
attainable energy of - 0.5-1 TeV, could be flown aboard the Space Shuttle. 

In addition, an emulsion stack experiment could be flown on a high- 
altitude balloon or the Space Shuttle to look for antlhellum nuclei. A polar 
or near-polar orbit would be desirable to avoid the geomagnetic cutoff. In 
view of the almost impossible odds of creating a secondary 4 He antinucleus, 
the unambiguous detection of even one such particle would provide Irrefutable 
evidence of primary cosmic ray antimatter. The extent to which a null result 
would disprove the hypothesis Is unclear, but If a/a « 10" 5 (the value 
estimated for a's leaking from normal antimatter galaxies 19 ), the difficulty 
•,<£<>'< d be severe. Suggestions to look for cosmic ray Fe have also been made, 25 

Several suggestions have been made for using high-energy neutrino 
astrononiy to look for antimatter elsewhere In the universe 26 . These 
suggestions are all based on the fact that cosmic ray pp and py Interactions 
favor the secondary production on rr + 's over ir"'s, whereas for pp and py 
Interactions the situation Is reversed. The subsequent decay of the plons 
results In equal amounts of v^'s and v^'s of almost equal energies. However, 
n + decay leads to v e production, whereas tt" decay leads to v e production. A 
production mechanism of particular Importance In this context because of Its 
large inherent charge asymmetry. Involves the photoproduction of charged plons 
by ultrahlgh energy cosmic rays Interacting with the universal 3K blackbody 
background radiation. The most significant reactions occur In the astro- 
physical context principally through the A resonance channel. 

There is a significant and potentially useful way of distinguishing 
\> e 's from v e 's, namely through their Interactions with electrons. The “ g 's 
have an enhanced cross section through resonance formation of the W". For 
electrons at rest In the observer's system, the resonance occurs for 
cosmic v 0 's of energy Mft/2m e = 6.3 x 10 3 TeV. 


11 


The cosmic and atmospheric fluxes for w e 's based on cosmic ray production 
calculations have been given 27 . Assuming that there is no significant 
enhancement in the flux from production at high redshlfts, the Integral \» G 
spectrum from yp interactions is expected to be roughly constant at 10 -lfl to 
10-1 7 cm -2 SP -: up to an energy of - 2 x 10 7 TeV, above which it is 
expected to drop steeply. It is expected that the largest competing back- 
ground flux of v e 's will be prompt v e 's from the decay of atmospherically 
produced charmed mesons. An acoustic deep underwater neutrino detector may 
provide the best hope for testing for cosmic antimatter by studying the 
diffuse background neutrinos. 28 The practical threshold for such devices 
appears to be in the neighborhood of 10 3 - 10 4 TeV. Acoustic detectors of 
effective volume » 10 km 3 (10^ tons) may be economically feasible and event 
rates of - 10 2 - 10+ yr" 1 may be attained In time. 

Future observations of angular fluctuations in the 100 MeV yra y 
background radiation using the Gamma Ray Observatory satellite could also play 
a key role in determining whether the flux is from point sources or more 
diffuse "ridges" from annihilations on the boundaries of "fossil" domains. 
Studies of primordial light element abundances 29 and short wavelength 
distortions of the cosmic far Infrared background radiation 30 with the Cosmic 
Background Explorer satellite may also provide future tests of the nature of 
the baryon asymmetry of the universe. 
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